Staphylococcus aureus is a common gram-positive human pathogen that colonizes skin, the anterior nares, and other mucosal surfaces (2) . S. aureus can cause a wide range of diseases from soft tissue infections to life-threatening infections such as toxic shock syndrome, necrotizing pneumonia, and endocarditis (2, 36) . The bacterium is so versatile that it can infect almost all human body parts. Its versatility is, in part, due to the variety of virulence factors that it produces (e.g., surface proteins, toxins, and immune modulators). The expression of these virulence factors is coordinated by a network of multiple DNA binding proteins (e.g., SigB, Rot, MgrA, SarA, and SarA homologues) and two-component systems (e.g., agr, srrAB, arlRS, vraSR, and saeRS) (8, 10, 16, 31, 38, 42, 51) .
The two-component system is a signal transduction mechanism by which bacteria and lower eukaryotes monitor and respond to environmental stress cues such as nutrient concentrations, ionic strength, and membrane disturbances (27, 47) . Typically, the two-component system consists of a sensor histidine kinase (HK) and response regulator (RR) proteins (26) . The sensor HK is a membrane protein composed of a signal binding domain and an autokinase domain. The RR is a cytoplasmic protein made up of an N-terminal regulatory domain and the C-terminal effector domain. In a typical RR, the regulatory domain inhibits the function of the effector domain, usually DNA binding activity. Upon sensing its cognate environmental cues, the sensor HK autophosphorylates a histidine residue and then transfers the phosphate group to an aspartate residue in the N-terminal regulator domain of the RR. Commonly, it is the phosphorylated RR that mediates the necessary physiological changes, typically by binding to its target promoters and modulating the level of transcription (26, 27, 49) . The phosphorylated RR is dephosphorylated by its intrinsic or the cognate HK-induced phosphorylated RR phosphatase activity, which resets the system to the prestimulus state (27, 47) .
The sae locus is a staphylococcal two-component system critical for the proper expression of exoproteins (18, 19, 21) . This locus is composed of four open reading frames (ORFs): saeP (ORF4), saeQ (ORF3), saeR, and saeS (Fig. 1) . The two genes saeS and saeR encode the sensor HK and the RR, respectively. SaeS is a 351-amino-acid (aa) polypeptide with two transmembrane segments at the N terminus. The two membrane segments are separated by only nine extracellular amino acid residues (1), which is regarded as too small a sequence to be a signal binding domain. SaeS, therefore, can be classified as an intramembrane sensing HK, which is hypothesized to monitor membrane disturbances (40) . The remaining parts of SaeS are in the cytoplasm and contain three subdomains: HAMP (HKs, adenylyl cyclases, methyl binding proteins, and phosphatases; aa 61 to 114), HisKA (His kinase A; aa 122 to 189), and HATPase_c (HK-like ATPases; aa 234 to 348) (SMART analysis [http://smart.embl-heidelberg.de/]). The amino acid residue for autophosphorylation is predicted to be His131 (18) . SaeR is a 228-aa polypeptide with an N-terminal regulatory domain and a C-terminal effector domain with potential DNA binding activity. In the regulatory domain, aspartate 51 is predicted to be phosphorylated by SaeS (18) . Although phosphorylated SaeR is assumed to be the mediator of signaling, neither DNA binding nor phosphorylation of SaeR has been shown. The functions of SaeP and SaeQ are completely unknown. SaeP is predicted to be a 146-aa membrane protein which is not involved in signal transduction (1) . Because the saeQ ORF contains a smaller ORF, SaeQ can be either a 157-aa protein or a 60-aa polypeptide (Fig. 1) . SaeQ is presumed to be involved in signal transduction (1) ; however, no direct biochemical or genetic evidence has shown the mechanism of its involvement.
The sae locus has two promoters, for which various different names have been used in the literature (Fig. 1 ). The promoter upstream of saeP has been called P1, PC, or P3, while the downstream promoter can be P3 or PA (1, 17, 33) . Throughout this study, we will use P1 for the upstream promoter and P3 for the downstream promoter only because those names are found more often in the literature. The P1 promoter is positively autoregulated by the sae locus (17, 20, 22) , making it a good model system for sae regulation studies. The promoter is also positively regulated by agr and negatively regulated by sigB and rot (17, 33) . The activity of the promoter is influenced by several environmental stressors. A low pH or a high NaCl concentration represses promoter activity, while stressors such as subinhibitory concentrations of ␤-lactam antibiotics, H 2 O 2 , or alpha-defensin activate it (17, 30) . However, it is not known how transcription regulators or environmental stressors affect P1 promoter activity.
The SaeRS two-component system plays an important role in staphylococcal gene expression and virulence. Most of all, the two-component system is required for the expression of many virulence factors, including cell wall proteins (Spa, FnbA), cell wall-associated proteins (Map/Eap and Emp), and secreted proteins (SspA, Nuc, Coa, Hla, Hlb, Hlc, SCIN, and CHIPS) (19, 21-23, 34, 43) . In particular, the saeRS system is an essential positive regulator of alpha-toxin (Hla) production under both in vitro and in vivo conditions (22, 23, 50) . A recent study with clinical isolate MW2 showed that the SaeRS system influences the expression of 212 genes (48) , whose functions range from virulence to energy metabolism, ion transport, and DNA repair. Lastly, the sae locus is important for the in vivo survival of S. aureus. Knockout mutations of the locus reduced the survival of the bacterium in animal models including device-related infections (22) , murine pyelonephritis (34), intraperitoneal injection (44) , and sepsis (48) . The sae locus also contributes to the apoptosis/death of lung epithelial cells (34) , bacterial survival in neutrophils, and killing of neutrophils (48) .
Despite its importance in staphylococcal virulence and gene expression, the molecular mechanism of this signaling pathway has not been defined. In this study, we report the identification of the SaeR binding sequence and show that phosphorylation is essential for the DNA binding of SaeR and the signaling process.
MATERIALS AND METHODS
Unless stated otherwise, all of the chemicals used in this study were purchased from Sigma-Aldrich and Fisher and the restriction enzymes were from New England Biolabs.
Bacterial strains, plasmids, and culture conditions. The bacterial strains used in this study are listed in Table 1 . Since the genome sequence of strain USA300-0114 is not known, we sequenced the entire sae operon of the strain and confirmed that the strain has the same sae sequence as strain Newman, except that it does not have the L18P substitution mutation in SaeS. Throughout this study, staphylococci were grown in tryptic soy broth (TSB), except for transduction procedures, for which heart infusion broth supplemented with 5 mM CaCl 2 was used. Escherichia coli strains were grown in Luria-Bertani broth (LB). When necessary, antibiotics were used at the following concentrations: ampicillin, 100 g/ml; erythromycin, 10 g/ml; chloramphenicol, 5 g/ml.
Recombinant protein expression and purification. (i) Full-length SaeR. The 684-bp ORF of saeR was PCR amplified from strain Newman chromosomal DNA with primers SaeRFor_NdeI (5Ј-GTGTACACATATGACCCACTTACT GATCGTGGATGATGAAC-3Ј) and SaeRRev_XhoI (5Ј-GTAGGCACTCGA GTTATCGGCTCCTTTCAAATTTATATCCTAATC-3Ј). After being digested by NdeI and XhoI, the PCR product was cloned into pET28a (Novagen). The resulting plasmid was transformed first into DH5␣ and then into BL21 star(DE3). The BL21 star(DE3) strain carrying the plasmid was grown in LB to an optical density at 600 nm (OD 600 ) of 0.6, and then 1 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) was added. After overnight induction at room temperature, the cells were harvested and frozen at Ϫ80°C. The expressed protein was purified from the frozen cells with a HisTrap column (GE Healthcare, Inc.) by following the column manufacturer's recommendations. The purified protein was supplemented with 20% glycerol and stored at Ϫ80°C.
(ii) SaeR C (SaeR⌬N103). For expression of the C-terminal effector domain of SaeR (SaeR C ), we used the ligation-independent cloning method (13) . The coding regions of SaeR C (aa 104 to 228) was PCR amplified from strain Newman chromosomal DNA with primers SaeR⌬N103_for (5Ј-TACTTCCAATCCAAT GCCAGTCCAAGGGAACTCGTTTTACGTATTA-3Ј) and SaeR⌬N103_rev (5Ј-TTATCCACTTCCAATGTTATCGGCTCCTTTCAAATTTATATCCTAA TC-3Ј). The PCR products were treated with T4 DNA polymerase in the presence of dCTP for 30 min at room temperature. Target vector pMCSG19 (13) was digested with SspI, gel purified, and then treated with T4 DNA polymerase in the presence of dGTP for 15 min at 16°C. The T4 DNA polymerase-treated plasmid vector and PCR product were gel purified, mixed, incubated for 5 min at room temperature, and then transformed into E. coli strain DH5␣. The resulting plasmid was transformed again into BL21 star(DE3) containing pRK1037(Science Reagents, Inc.), and the transformants were selected on LB agar plates with 150 g/ml ampicillin and 30 g/ml kanamycin. The protein was expressed and purified by the same procedures described for full-length SaeR, except that the cells were incubated at 16°C, not at room temperature. (iii) SaeS C (SaeS⌬N92). Except the primers for PCR amplification of the coding region, the production of the cytoplasmic domain of SaeS (SaeS C aa 93 to 351) was carried out as described for SaeR C above. The primers used were SaeS⌬N92 _for (5Ј-TACTTCCAATCCAATGCCAAAGAAATTTATGAATT AAATCAATC-3Ј) and SaeS⌬N92 _rev (5Ј-TTATCCACTTCCAATGTTATCG GCTCCTTTCAAATTTATATCCTAATC-3Ј).
Electrophoretic mobility shift assays (EMSA). The primers used in EMSA are listed in Table 2 . DNA probes were PCR amplified and radiolabeled with T4 polynucleotide kinase (NEB) and [␥- 32 P]ATP (Perkin-Elmer). The radioactive probe (2 ng) was mixed with various amounts of the test protein in 25 l of gel shift loading buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 10% glycerol, 3 g/ml sheared salmon sperm DNA). After being incubated at room temperature for 10 min, the samples were analyzed by 8% polyacrylamide gel electrophoresis (100 V for prerun, 85 V for 85 min for sample separation). The gels were dried and subjected to autoradiography on a phosphor screen (BAS-IP; Fuji).
Phosphorylation of SaeR for EMSA. The purified SaeR protein (20 M) was mixed with purified SaeS C (1 M) in phosphorylation buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 10% glycerol). One millimolar ATP was then added, and the mixture was incubated at room temperature for 5 min before the addition of 32 P-labeled DNA probe. For EMSA or footprinting analyses, the entire reaction mixture was used.
DNase I footprinting assays. The test proteins were mixed with radiolabeled probe in reaction buffer (10 mM Tris-HCl, pH 7.4, 50 ml KCl, 5 mM MgCl 2 , 1 mM CaCl 2 , 1 g/ml yeast tRNA). After the addition of DNase I (0.1 U; New England Biolabs), the samples were incubated at room temperature for 2 min. The reaction was terminated by the addition of 25 l of stop solution (50 mM Tris-HCl, pH 8.0, 1% [wt/vol] sodium dodecyl sulfate [SDS], 20 mM EDTA) and extracted first with 50 l of phenol-chloroform (1/1) and then with 50 l of chloroform. DNA was precipitated with ethanol, washed with 500 l of 70% ice-cold ethanol, and suspended in 10 l of loading buffer (98% deionized formamide, 10 mM EDTA, 0.025% [wt/vol] xylene cyanol FF, 0.025% [wt/vol] bromphenol blue). After being denatured at 95°C for 3 min, samples were separated on an 8% urea-polyacrylamide gel. Sequencing ladders consisting of AϩG and TϩC for the P1 promoter of the sae operon were made by the standard Maxam-Gilbert method (41) .
Phosphorylation of SaeR by SaeS C and cell lysates. Cell lysates were prepared from strain Newman, a saeS transposon insertion mutant (⌽⌵⌶-9725), and strain USA300-0114 (ϭ NRS384), which does not contain the L18P substitution mutation in SaeS. The cells were grown in TSB to mid-log phase (OD 600 ϭ 0.6) and collected by centrifugation. The collected cells were suspended in 1 ml of TSM (50 mM Tris-HCl, pH 7.5, 0.5 M sucrose, 10 mM MgCl 2 ) to which was added 10 l lysostaphin (2 mg/ml) and incubated at 37°C for 30 min. A 0.6-ml volume of 1.3 M KCl was then added to the cell lysates, and the resulting cell lysates were stored at Ϫ80°C. The phosphorylation assays were performed in the presence of 10 M SaeR and 2 M SaeS C or 2-l cell lysate volumes in phosphorylation buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 10% glycerol). The final reaction mixture volume was 20 l. To initiate the phosphorylation reaction, 0.5 l [␥- 32 P]ATP (80 Ci) was added. The reaction mixtures remained at room temperature for 10 min, and then the reactions were stopped by the addition of 10 l of 2ϫ SDS loading buffer. Samples were analyzed by 13% SDS-polyacrylamide gel electrophoresis (PAGE).
Assay of phosphotransfer between P-SaeS C and SaeR. SaeS C (3 M) was preincubated with 3 M [␥- 32 P]ATP in 105 l of phosphorylation buffer for 1 h at room temperature. As a reference sample, 15 l was mixed with 15 l of 2ϫ SDS loading buffer and kept at room temperature. To initiate the phosphotransfer reaction, SaeR (9 M) was added to phosphorylated SaeS C . At various time points (0 min, 3 min, 30 min, 2 h, 4 h, and 20 h), 15 l of the sample was mixed with SDS loading buffer and stored at room temperature until electrophoresis. The samples were analyzed by 13% SDS-PAGE and autoradiography.
Limited trypsin digestion assays. To phosphorylate SaeR, SaeR (50 M) was mixed with 1 M SaeS C in the presence of 1 mM ATP and incubated at room temperature for 5 min. Because the phosphorylated SaeR protein sample contains SaeS C , to avoid any artifacts from the presence of SaeS C , an equal amount of SaeS C was added to the unphosphorylated SaeR sample but without ATP. Trypsin digestion was initiated by the addition of 0.2 g/l trypsin in phosphorylation buffer containing 0.1 mM EDTA. The samples were incubated at 37°C. Aliquots of 10 l were removed from the reaction mixture at defined time intervals and mixed with 10 l of 2ϫ SDS loading buffer. Samples were separated by 14% SDS-PAGE and stained with Coomassie blue R-250. The digestion patterns were quantified by Quantity One (Bio-Rad).
Random mutagenesis of the P1 promoter. The P1 promoter region was amplified by the error-prone enzymes Taq polymerase (NEB) and Mutazyme (Stratagene) with primers P1-F and P1-R (Table 2) . After being purified, the PCR product was digested with BamHI/KpnI and then ligated with pYJ-lacZ, a promoterless lacZ reporter plasmid derived from pYJ335 (28) . The ligated DNA was electroporated into E. coli DH5␣. Plasmids were purified from the colonies on the transformation plate and electroporated into S. aureus strain RN4220, and then the cells were spread on tryptic soy agar (TSA) containing erythromycin and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal; 80 g/ml) (TSA erm X-Gal ). Colonies displaying white or reduced blue color were isolated. In other trials, the RN4220 colonies were pooled and lysed with 85. The phage lysates were used to transduce the plasmids into strain TB3, a strain derived from strain Newman by the deletion of three prophages. This strain has a wild-type sae phenotype and, because of the absence of three prophages, is useful for complementation studies. The transduced TB3 cells were spread on TSA erm X-Gal . The colonies displaying white or reduced blue color were isolated. To verify that the phenotype was caused by mutations in the P1 promoter, plasmids were purified and the P1 promoter was sequenced. When more than one mutation was found, each mutation was generated by PCR-mediated site-directed mutagenesis; then, the resulting mutation was tested in strain Newman to find the one responsible for the phenotype. During the lacZ assay, however, we found that in strain Newman, the plasmid carrying the wild-type P1 promoter was unstable and the majority of the cells displayed a white color on TSA erm X-Gal . Characterization of the plasmid purified from the cells revealed that a deletion mutation occurred at the N terminus of LacZ, suggesting that the overexpression of ␤-galactosidase from the high-copy plasmid is toxic to the cells. Therefore, we moved all of the mutations of the P1 promoter to pCL55-lacZ, a lacZ reporter plasmid derived from integration plasmid pCL55 (32) . The mutated P1 promoters were PCR amplified by the high-fidelity DNA polymerase Phusion (NEB) with primers P1-F and P1-R (Table 2 ) and cloned into pCL55-lacZ as described for pYJ-lacZ above. All of the mutant P1 promoter sequences in the pCL-lacZ constructs were verified by DNA sequencing analysis.
LacZ assay. The test strains were grown in TSB containing 5 g/ml chloramphenicol (TSB chl-5 ) and incubated at 37°C for 16 h. After being collected by centrifugation, the cells were suspended in AB buffer (100 mM potassium phosphate, 100 mM NaCl, pH 7.0) and treated with lysostaphin (0.1 g/ml) at 37°C for 15 min. After the addition of 900 l of ABT buffer (AB buffer containing 0.1% Triton X-100) to the lysostaphin-treated cells, 50 l of the cell lysate was mixed with 10 l of MUG (4-methylumbelliferyl-␤-D-galactopyranoside, 4 mg/ ml; Sigma) and incubated at room temperature for 1 h. Then, 20 l of the reaction mixture was mixed with 180 l ABT buffer in a black 96-well plate and the emission of fluorescence was measured by a plate reader (355-nm excitation, 445-nm emission). The LacZ activity was normalized by cell density at 600 nm, and then the relative activity was calculated by setting the LacZ activity from the wild-type P1 promoter to 100%. The assay was repeated at least twice with similar results.
RESULTS
The N-terminal regulatory domain inhibits the DNA binding activity of the C-terminal effector domain in SaeR. As a first step in identifying the molecular mechanism of sae-mediated signal transduction, we examined the DNA binding activity of the RR SaeR. We expressed the full-length SaeR protein in E. coli with a His 6 tag at its N terminus and then purified the protein with a Ni column. As a DNA binding substrate, we used the radiolabeled P1 promoter of the sae operon because the promoter is highly autoregulated by sae (17, 20, 22) . Using purified His 6 -SaeR and radiolabeled P1 promoter DNA, we performed EMSA. As shown in Fig. 2A , full-length SaeR did not bind to the P1 promoter.
Since the DNA binding activity of the effector domain is commonly inhibited by the N-terminal regulatory domain, we envisioned that if we deleted the N-terminal domain, the Cterminal effector domain alone might be able to bind to its target DNA. To test this hypothesis, we produced the C-terminal effector domain (SaeR C aa 104 to 228) with a His 6 tag as described in Materials and Methods and performed EMSA with the radiolabeled P1 promoter DNA again. As shown in In a densitometry analysis, the dissociation constant of SaeR C was calculated to be 6 M. In the EMSA, two shifted bands were observed, suggesting the existence of multiple SaeR binding sites in the P1 promoter. The addition of a 10-fold excess of unlabeled P1 DNA abolished the binding of the radiolabeled DNA, demonstrating the specificity of the protein-DNA interaction (Fig. 2B, lane 11 ). Based on these results, we concluded that the C-terminal effector domain of SaeR has target DNA binding activity and that in full-length SaeR, this activity is inhibited by the N-terminal regulatory domain.
Phosphorylation is essential for the DNA binding activity of SaeR. Typically, phosphorylation of the N-terminal regulatory domain abolishes its inhibitory effect on the C-terminal effector domain. To examine whether phosphorylation of SaeR can restore the DNA binding activity of SaeR, we decided to phosphorylate SaeR with the sensor kinase SaeS. Since SaeS has its kinase activity in the cytoplasmic domain, we expressed the cytoplasmic autokinase domain of SaeS (SaeS C aa 93 to 351) with an N-terminal His 6 tag. We purified His 6 FIG. 2 . DNA binding activities of unphosphorylated SaeR (A), the C-terminal effector domain of SaeR (B), and phosphorylated SaeR (C) to the P1 promoter region. In a typical assay, 2 ng of a ␥-32 P-endlabeled P1 promoter fragment was incubated with the indicated concentration of protein in the presence of 3 g/ml salmon sperm DNA at room temperature for 15 min. Free DNA is indicated by a white arrowhead, and bound DNA is indicated by a black arrowhead. SaeR, unphosphorylated SaeR; SaeR C , the C-terminal effector domain of SaeR; P-SaeR, phosphorylated SaeR; ϩ cold DNA, addition of a 10-fold excess of unlabeled DNA. In strain Newman, SaeS is constitutively active due to an amino acid substitution mutation (L18P) within the first transmembrane segment (1) . Therefore, we anticipated that cell lysates from strain Newman would be able to phosphorylate SaeR. Indeed, when added to SaeR, strain Newman cell lysates clearly phosphorylated the RR within 10 min (Fig. 3A, lane 6 ). Further addition of purified SaeS C to the reaction mixture did not change the overall outcome (Fig. 3, lane 7) . The fact that the cell lysate from a saeS transposon mutant of strain Newman failed to phosphorylate SaeR (Fig. 3, lane 9 ) strongly suggests that SaeS is responsible for SaeR phosphorylation. Strain USA300-0114 does not contain the L18P substitution mutation in SaeS. When the cell lysate from strain USA300-0114 was used, no significant SaeR phosphorylation was observed, confirming the hyperactivity of SaeS kinase in strain Newman. Noticeably, in the reaction mixtures with cell lysates, three more radiolabeled protein bands appeared (white arrowheads in Fig. 3A) , revealing the occurrence of other phosphorylation events in the cell lysate. The identities of these protein bands are unknown.
Although the above result clearly shows that SaeS C can phosphorylate SaeR, it does not show the phosphotransfer reaction directly due to the fast kinetics of this process. In order to detect that phosphotransfer reaction directly, we first phosphorylated SaeS C with [␥-32 P]ATP and then added SaeR at a lower ratio (SaeR/SaeS C ratio, 3:1) than in the previous phosphorylation reaction mixture, where the ratio was 5:1. The results are shown in Fig. 3B . Under this condition, a gradual transfer of the phosphate group was observed. After 3 min, only a fraction of SaeR was phosphorylated and the reaction was not complete until 2 h. Interestingly, no significant change in P-SaeR was observed until 4 h after the reaction. Even after 20 h, a significant portion of SaeR remained phosphorylated, indicating that the phosphorylated form of SaeR is stable under the conditions employed.
To examine whether phosphorylation can restore the binding activity of SaeR, we phosphorylated SaeR by adding purified SaeS C and ATP and used phosphorylated SaeR (P-SaeR) in EMSA. As shown in Fig. 2C , P-SaeR indeed bound to P1 promoter DNA. In a densitometry analysis, the dissociation constant of P-SaeR was calculated to be 0.75 M, suggesting that the P1 promoter binding affinity of P-SaeR is eight times higher than that of SaeR C (K D ϭ 6 M). To eliminate the possibility that SaeS C bound to the DNA in the EMSA, we performed EMSA with the mixture of SaeS C and SaeR in the absence of ATP; no binding was observed (data not shown), suggesting that it is P-SaeR, not SaeS C , that is responsible for the DNA binding observed. Taken together, these results demonstrate that phosphorylation of SaeR is essential for efficient binding to target DNA.
Phosphorylation elicits conformational changes in SaeR. If phosphorylation restores the DNA binding activity of SaeR, we postulated that it would accompany significant conformational changes in SaeR. To examine this postulation, we subjected unphosphorylated SaeR and P-SaeR to a limited trypsin digestion assay where the alteration in protease susceptibility is interpreted as a conformational change in the protein. We digested the two forms of SaeR at a low concentration of trypsin and, by PAGE and Coomassie staining, analyzed the digestion pattern after 2, 5, 15, and 30 min. The digestion results obtained are shown in Fig. 4A . Although almost all of the unphosphorylated SaeR protein was digested by trypsin within 30 min, the majority of the P-SaeR protein remained intact, even after 30 min of digestion (lane 10). This rather dramatic alteration in trypsin susceptibility strongly suggests that phosphorylation elicits significant conformational changes in SaeR which, in turn, lead to restoration of the DNA binding activity of the protein.
DNase I footprinting assays identify the SaeR binding sequence. Since both SaeR C and P-SaeR bound to the P1 promoter, to identify the SaeR binding sequence, we decided to perform a DNase I footprinting assay with the proteins. The radiolabeled P1 promoter was incubated with increasing amounts of either SaeR C or P-SaeR, and then DNase I was added. After a 2-min incubation, the reaction was terminated and the product was analyzed by PAGE and autoradiography. As shown in Fig. 5A , SaeR C bound to the P1 promoter in the region from Ϫ20 to Ϫ54 (bottom strand) or from Ϫ35 to Ϫ63 (top strand). On the other hand, P-SaeR bound to wider regions of the P1 promoter from Ϫ20 to Ϫ90 (bottom strand) or from Ϫ24 to Ϫ101 (top strand).
Because most RRs bind to their target as a dimer, we envisioned that the SaeR binding sequence would be a repeat sequence. Indeed, close inspection of the protected region (Ϫ20 to Ϫ101 position) revealed a direct repeat sequence (GTTAAN 6 GTTAA) between positions Ϫ35 and Ϫ50 and an imperfect repeat sequence (GTTAAN 6 TTTAA) between positions Ϫ56 and Ϫ71 (Fig. 5B) . To examine whether the repeat sequences are SaeR binding sites, we searched the strain Newman genome, by using Regulatory Sequence Analysis Tools (http://rsat.ulb.ac.be/rsat/), for the genes containing the perfect direct repeat sequence (GTTAAN 6 GTTAA) in the promoter region. The search results are shown in Table 3 does not contain some of the well-known members of the sae regulon such as map (also called eap), hlb, and scn. In addition, a recent microarray analysis of strain MW2 showed that the SaeRS system affected the transcription of 212 genes (48) , suggesting that the 21 genes identified may not represent the entire sae regulon. Therefore, we repeated the sequence search by allowing one mismatch in the sequence; the results are shown in Table 4 . The search identified a total of 155 genes, including map/eap, hlb, and scn. Of these 155 genes, 36 (23%) were reported to be regulated by sae, further supporting the idea that the repeat sequence is the SaeR binding site.
The direct repeat sequence is necessary for binding to SaeR. The gene hla encodes alpha-hemolysin and is highly regulated by the sae locus (19, 33, 44, 50) . The promoter region of hla contains two direct repeat sequences: an imperfect repeat sequence (TTTAAN 6 GTTAA, from Ϫ190 to Ϫ175) and a perfect repeat sequence (GTTAAN6GTTAA, from Ϫ405 to Ϫ390) (Fig. 6A) . It should be noted that the position is the distance from the ATG start codon, not from the transcription start site (11) . The transcription start site corresponds to position Ϫ332. As the imperfect repeat sequence is located downstream of the transcription start site and is probably not involved in transcriptional regulation, we focused on the perfect repeat sequence at position Ϫ405. We PCR amplified two DNA fragments from the hla promoter region: a 180-nucleotide (nt) DNA fragment without the repeat sequence (fragment I) and a 200-nt DNA fragment with the perfect repeat sequence (fragment II). We hypothesized that if the direct repeat sequence is necessary for binding to SaeR, the 180-nt DNA fragment should not bind to P-SaeR while the 200-nt DNA fragment should. After labeling these DNA fragments with [␥-
32 P]ATP, we mixed each DNA fragment with P-SaeR and performed an EMSA. As shown in Fig. 6B , only DNA fragment II, the DNA with the perfect repeat sequence, bound to P-SaeR, strongly supporting the idea that the direct repeat sequence is the SaeR binding site.
We decided to further examine the role of the direct repeat sequence in SaeR binding with four more genes that contain various combinations of the SaeR binding sequence: emp, map/ eap, vwb, and arlR. The genes emp, map/eap, and vwb encode surface proteins important for adhesion and immune evasion (9, 24, 25) , while arlR encodes the RR for the arlRS system that regulates the expression of virulence genes such as spa and cap5 (15, 16, 37) . The genes emp and map/eap have been reported to be regulated by the sae locus, but vwb and arlR have not. In addition, only emp contains a perfect repeat sequence, while the others have imperfect repeats. It should also be noted that the promoter of arlR has two binding sites but those of the others have 1.5 binding sites (Fig. 6C) . After radiolabeling these DNA fragments, we performed an EMSA with P-SaeR, and the results are shown in Fig. 6D . All of the promoters bound to P-SaeR. The binding affinity of emp containing the perfect repeat sequence appeared stronger than those of the others. These results further support the idea that the direct repeat sequence mediates DNA binding to SaeR.
Mutational changes in the direct repeat sequence in the P1 promoter abolish not only SaeR binding but also promoter function. If the direct repeat sequence is the SaeR binding site, on October 2, 2017 by guest http://jb.asm.org/ mutational changes in the sequence should abolish SaeR binding and promoter activity. To eliminate bias, instead of sitedirected mutagenesis, we used a random mutagenesis strategy. We mutated the P1 promoter by amplifying the DNA with error-prone DNA polymerases and then inserted the PCR products into lacZ reporter plasmid pYJ-lacZ, a multicopy plasmid derived from pYJ335 (28). As described in Materials and Methods, the resulting plasmids were inserted into strain RN4220 or TB3, a sae ϩ strain derived from strain Newman, and the cells were spread on TSA plates containing X-Gal. White colonies were selected and subjected to DNA sequencing analysis. Through this process, we identified eight mutations in the SaeR binding site (W4, 62, W6B, W5, DB6, W17A, W104, and W3) (Fig. 7A) , confirming that mutational changes in the binding sequence abolish promoter activity (i.e., white color). Among these mutations, DB6 altered the distance between the repeat sequences from 6 nt to 5 nt, suggesting that not only the nucleotide sequence but also the spacing is important for the binding of SaeR. We also identified five mutations in the promoter sequence in the Ϫ35 (DW1B, W110) and Ϫ10 (DW4, 65A, 32A) regions. As a control, we included a nucleic acid substitution mutant showing blue color (DB5) on further analysis (Fig. 7A) . The mutation is located between the Ϫ35 and Ϫ10 regions. Since no mutations were obtained for three nucleotides in the SaeR binding site, we mutated these three nucleotides by PCR-mediated site-directed mutagenesis. The resulting mutants are M15, M16, and M17 (Fig. 7A) . Strain Newman carrying the mutant plasmids also showed reduced blue color, suggesting that these nucleotides are also important for efficient binding to SaeR.
To examine the correlation between the reduced promoter activity of the mutants and the SaeR binding of the promoters, we performed an EMSA for all of the mutants using P-SaeR. As shown in Fig. 7B , all of the mutations in the SaeR binding site, including spacing mutation DB6, reduced DNA binding to SaeR, confirming that the direct repeat sequence is the SaeR binding site. Some residual SaeR binding was observed with M17, W6B, DB6, M16, and M15, suggesting that the contributions of these positions to SaeR binding are different. As expected, none of the other mutations significantly changed DNA binding to SaeR.
To quantitatively measure the effects of the mutations on the function of the P1 promoter, we measured the LacZ activity of the mutants from 16-h overnight cultures. As shown in Fig. 7C , all of the 11 mutations in the SaeR binding sites greatly reduced LacZ activity, confirming the correlation between SaeR binding and the transcriptional activity of the promoter. Of the mutations, M15, M16, and M17 did not completely abolish promoter activity; compared with the wild-type P1 promoter, the promoters with the mutations still retained 10% to 30% activity. These results confirm that for sae-mediated transcriptional activation, the contribution of each nucleotide position might not be equal. In EMSA, indeed, the promoters with these mutations showed some residual SaeR binding. As expected, all of the mutations in the promoter regions also abolished or greatly reduced LacZ activity while the DB5 mutant showed nearly wild-type promoter activity (80%), showing that not all of the mutations in the P1 promoter region can abolish LacZ activity and the greatly reduced promoter activities in other mutants are due to the loss of specific functions of the DNA sequence (i.e., SaeR binding or RNA polymerase binding). In summary, through a random mutagenesis strategy, we confirmed that (i) the direct repeat sequence GTTA AN 6 GTTAA is the SaeR binding site and (ii) the binding site is critical for sae-mediated transcriptional activation of the P1 promoter.
DISCUSSION
The SaeRS two-component system is a staphylococcal signaling system that plays a critical role in activating the tran- 
Ion transport and metabolism Several lines of data support our claim that GTTAAN 6 G TTAA is the SaeR binding site. First, in DNase footprinting assays, the sequence was found in the P1 promoter regions protected by either SaeR C or P-SaeR (Fig. 5) . Second, the sequence was identified in the promoter region of 36 known (Table 4) . Third, although all of the DNA fragments containing the repeat sequence bound to SaeR, a DNA fragment without the repeat sequence did not (Fig. 6) . Lastly, mutations of the repeat sequence severely reduced DNA binding to SaeR (Fig. 7) . Interestingly, all of the genes containing the SaeR binding site in their promoter regions have not been reported to be regulated by the SaeRS system. Of the 155 genes containing the SaeR binding site, only 36 (23%) have been reported to be regulated by SaeRS. One possible explanation for the discrepancy is that some of the genes may be genuinely regulated by the SaeRS system but the regulation has not been detected yet. So far, the sae regulon has been identified mainly by microarray assay or proteomic analysis. These methods might not be sensitive enough to detect all transcriptional changes. Therefore, in the future, more-sensitive techniques such as highthroughput real-time quantitative reverse transcriptase-mediated PCR might identify new genes of the sae regulon. The other possibility is that the binding affinity of some of the SaeR binding sites is too low for them to be genuine targets of sae-mediated regulation under physiologically relevant conditions. In our P1 promoter mutagenesis study, single nucleotide changes in the binding site could abolish binding to SaeR and promoter activity. Therefore, many of the imperfect SaeR binding sites may not bind to SaeR in vivo. For example, the arlR promoter clearly can bind to SaeR at a high concentration of purified P-SaeR in vitro (Fig. 6D) ; but the arlRS operon is not regulated by the sae two-component system (45) . Therefore, the arlR binding shown in Fig. 6D might not be physiologically relevant in vivo. However, some of the well-known sae regulon genes in Table 4 , such as efb, hlb, and lukS, have only one imperfect SaeR binding site, suggesting that not only the motif sequence itself but also the context of the motif (e.g., distance from the promoter element, etc.) might play a role in selecting the targets of SaeR binding and sae-mediated regulation.
Conversely, the SaeRS system seems to affect the transcription of the genes that do not contain the SaeR binding site. For example, among the 212 genes of the sae regulon identified by microarray analysis of strain MW2, 176 do not contain the SaeR binding site. How, then, could the SaeRS system have altered the transcription of these genes? One possibility is that the SaeRS system might affect the expression of some of the 176 genes indirectly. For example, as shown in Table  4 , four transcriptional regulators (NWMN_0038, NWMN_0636, NWMN_0925, and arlR) have the SaeR binding site in their promoter regions. Although arlR is not involved in downstream regulation by sae, the other three regulators might play a role in it. Since the transcriptional regulatory systems in S. aureus are interconnected and form a very complex network, transcriptional changes in a regulator protein can be transmitted or amplified via the network. In addition, since the sae regulon includes not only virulence genes but also genes involved in various cellular processes such as protein synthesis, ion transport, and energy metabolism (48), we can envision that alterations in those processes might indirectly cause transcriptional changes in other genes. Clearly, more studies are required to identify direct targets and the mechanism of indirect regulation.
In a previous study, Harraghy et al., identified a COS (conserved octanucleotide sequence, AGTTAATT) in 11 genes, of which 6 are genes of the sae regulon such as eap, emp, and efb (24) . In emp, a mutational change of three nucleotides (AGT TAATT to TCATAATT, where boldface and underlining indicate the mutated nucleotides and SaeR binding sequences, respectively) decreased emp expression by more than half (24) . As shown in Fig. 6C , the COS overlaps the SaeR binding site, and the mutational change in the COS in this study also changed two nucleotides in the SaeR binding site from GT-TAA to CATAA. Since we observed in our P1 mutagenesis study that even a single nucleotide change could abolish DNA binding to P-SaeR, we suspect that the two nucleotide changes in this study also abolished DNA binding to SaeR. Therefore, we think the effect of the COS mutation on emp expression is due to the mutated promoter region's inability to bind to SaeR. In fact, in our analysis of the 11 COS-containing genes, 9 genes (eap, emp, vwb, efb, hlgA, hlgC, sbi, lukE, and lukD) have one or more SaeR binding sites (either perfect or imperfect). Therefore, we propose that COS is a part of the SaeR binding site. In their study, the authors reported that neither unphosphorylated SaeR nor the DNA binding domain of SaeR bound to the three promoters (i.e., emp, map/eap, and vwb). In our on October 2, 2017 by guest http://jb.asm.org/ study, however, although the binding affinity was very low (K D ϭ 6 M), the DNA binding domain (i.e., SaeR C ) clearly bound to its target, the P1 promoter (Fig. 2B) . It is possible that, compared with the P1 promoter, the three promoters tested previously have lower binding affinities for SaeR C , which, in turn, made it more difficult to detect protein-DNA binding.
In this study, we demonstrated that phosphorylation is essential for SaeR binding to its target DNA (Fig. 2) . Recently, Mainiero et al. also showed that SaeR with a mutation at the phosphorylation site (D51N) could not activate transcription from the hla promoter (39), further confirming the essential role of SaeR phosphorylation in transcriptional regulation. This essentiality of phosphorylation differentiates the SaeRS two-component system from the VraSR (vancomycin resistance-associated sensor/regulator) system, a well-studied staphylococcal two-component system that coordinates cellular responses to antibiotics inhibiting cell wall synthesis (6, 12, 31) . VraR, the RR of the VraSR system, recognizes the DNA motif ACT(X) n AGT (where X is any nucleic acid and n ϭ 1 to 3); however, phosphorylation is not required for VraR to bind to the most conserved binding site (7) . On the other hand, VraR binding to the less conserved secondary binding site does require phosphorylation. Interestingly, as with the primary SaeR binding site, the secondary binding site of VraR in the vraRS operon overlaps the Ϫ35 region and direct interaction between VraR and sigma factor was postulated (7) . The different roles of phosphorylation in the SaeRS and VraSR systems suggest that the signaling mechanism of staphylococcal two-component systems might be diverse and cannot be generalized to one model.
The P1 promoter contains a secondary SaeR binding site with an imperfect repeat sequence (GTTAAN 6 TTTAA). This secondary site is separated from the primary SaeR binding site (GTTAAN 6 GTTAA) by 5 nt (Fig. 5B) . The EMSA and DNase footprinting analysis results suggest that P-SaeR binds to the secondary binding site as well. In EMSA, two shifted bands were observed, suggesting the existence of two different species of protein-DNA complex (Fig. 2C) . In addition, in DNase I footprinting assays, P-SaeR protected not only the primary binding sites but also the secondary binding site (Fig. 5) . We envision that P-SaeR binds to the primary binding site first, generating the lower shift band in Fig. 2C , and recruits P-SaeR to the secondary binding site, generating the higher band in EMSA (Fig. 2C) . The occupation of the secondary binding site might stabilize P-SaeR binding to the promoter such that PSaeR can recruit RNA polymerase to the promoter through protein-protein interactions. The close proximity of the primary SaeR binding site and the Ϫ35 region resembles the class II promoters in E. coli, where the transcription regulator interacts with sigma factor 70 (5, 35) . Therefore, we postulate that the interaction between P-SaeR and the sigma factor recruits RNA polymerase to the P1 promoter. Combining all of the data, we propose, for the first time, a model for the SaeRS signal transduction mechanism in the P1 promoter (Fig. 8) . Under uninduced conditions, SaeS is not active and does not phosphorylate SaeR. However, when external environmental stressors (e.g., ␤-lactam antibiotics or alpha-defensin) are present, SaeS experiences conformational changes and autophosphorylation and then transfers the phosphate group to D51 of SaeR. Phosphorylated SaeR binds to the primary SaeR binding domains, forming a dimer, and recruits more P-SaeR to the secondary binding site. As a result, the SaeR-P1 promoter complex becomes stable and recruits RNA polymerase to the promoter by interactions between SaeR and sigma factor A , resulting in transcription initiation at the promoter.
